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SYNOPSIS |

Texas Instruments Incorporated has been engaged in studies |
of seismicity and related fields for approximately three years. The purpose
of this study was to obtain a quantitative estimate of the low-magnitude seis-
micity which constitutes noise in a seismic monitoring system used for the
detection and identification of nuclear explosions. This research effort,
which began in May, 1961 under Contract AF 19(604)-8517, was sponsored
by the Air Force Cambridge Research Laboratories (AFCRL) as part of the
Advanced Research Projects Agency (ARPA) Project VELA UNIFORM.

Since the inception of this effort, many contributions have
been made toward the understanding of seismicity and seismology in general.
In this Final Report little purpose would be served by repeating verbatim
what has been published in previous Semiannual or Special Reports; however,
for readers interested in such detail, an annotated bibliography is provided
in Appendix B.

The primary objective of this report is to evaluate and docu-
ment seismic activity that occurred in 1963. The following is a synopsis of
major results of this effort.

A. SEISMICITY
1. General

It is apparent from the 1960 and 1963 studies that several gaps
appeared in the worldwide coverage of earthquakes. The capabilities of
some of the standard stations were limited to such extent that there was
insufficient areal coverage. In several regions of the earth it is doubtful
that many earthquakes of magnitude 4.5 (my) were recorded by a sufficient
number of stations to permit complete evaluation, while many events of
magnitude less than 4 likely went undetected.

Additional factors must be considered in identifying events
which have occurred in known seismic areas. Relatively remote, sparsely
populated areas where earthquakes of magnitude 3 or 4 may occur should
be treated as highly suspicious areas with regard to clandestine testing of
nuclear devices. All the northwestern quarter of China is, in this sense,

a suspicious area; indeed, it was in this area that the Communist Chinese
detonated their first nuclear device. The European and Central Asian seis-
mic zones of the USSR are relatively densely populated and are near many
stations outside the USSR; however, along the border between the USSR,
China and Mongolia lie areas of poorly defined seismicity. An event of mag-
nitude less than 4 anywhere in this region may be expected. Relatively few




stations outside the USSR and China or within their political influences are
capable of recording events of magnitude 4 within the adjacent Chinese terri-
tory. The same may be said of the Northeastern Siberia area within the
Arctic seismic belt.

Kamchatka must not be overlooked as a potential test site;
while closer than the other areas to good stations outside the USSR, it is
still quite distant from sensitive stations in Japan, Alaska and Canada. The
high recurrence frequency of earthquakes in the magnitude-4 range com-
pounds the problem of identification of nuclear explosions since criteria for
discrimination must be applied to a large number of events.

2. Magnitude

The following observations are apparent from the study of
magnitudes:

a. Magnitudes as presently calculated require several corrections
which are not very well determined. For example, empirical studies indi-
cate a large variation of amplitude with azimuth.

b. Magnitudes determined from P-waves are influenced by instru-
ment type. For teleseisms, short-period instruments generally yield
magnitudes about one unit less than long-period instruments,

c. Magnitudes calculated for events at shadow-zone distances fre-
quently are much too high in comparison with those calculated for events at

teleseismic distances. The implication is that the A2 curve has values too

high for some regions of the earth.

d. The apparently anomalous relationship between the my scale,
recently adopted by the USC&GS and AFTAC, and the widely used Richter
scale, M, may be explained by the different rules for measuring P-amplitudes
by instrument band-pass characteristics and by possible shadow-zone effects.
At approximately 16 degrees A and greater the relationship between mp and
MS becomes approximately MS =my + 0.8.

B. NOISE STUDIES
1. Visual Methods

Digitized noise spectra were compared with visual evaluation
of the noise. It was concluded that a visual evaluation will yield a measure
of the average peak amplitudes as seen by the observer and cannot be directly
related to the amplitude or energy density content of the noise record.




Therefore, visual analysis should be limited to estimating expected noise
which will be the most obvious and possibly the most disturbing to the
observer, e.g., small high-frequency oscillations.

Conclusions from visual interpretation of noise based on 1960
and 1963 data were difficult due to the scarcity of information. The study
indicated, however, that (1) areas of low microseisms over continents and
high microseisms over oceans showed seasonal variation, (2) two- to ten-
second microseisms are strongest in the winter months and are probably
generated by oceanic storms, and (3) storm-generated microseisms are
strongly attenuated at continental margins.

2. Polarity Method

Experiments have revealed that the most practical method of
obtaining relative noise-power density spectra from film recordings is by
polarity processing. Distortion of the spectra can be predicted and correct-
ive procedures applied when using the polarity method. This method has
been demonstrated to be both theoretically sound and experimentally verifiable.

From a study of noise spectra obtained from 1963 recordings
it was observed that near 1 cps the slope (db/octave) on the average changed
from approximately 25 db/octave to 90 db/octave or 45 db/octave. The
steeper noise spectral slope may be associated with local movement of fronts;
whereas the intermediate slope may be associated with storms.

C. EARTHQUAKE STUDIES.

Several fault-plane solutions were attempted using the P-polarity
method. Although these events show few P-polarities which are inconsistent
with the solution, little confidence can be placed in any tentative solution as
all solutions contain some nodal figures which were arbitrarily drawn; the
data will allow other configurations. Use of S-data has permitted the exclu-
tion of some possibilities in fault-plane orientation as well as exclusion of
certain mechanism types.

Attenuation patterns in the vicinity of nodal lines were evaluated
for a few events. The calculated magnitude in the vicinity of the nodal surface
in one example was found to be about one unit lower than that in a location far
removed from the nodal surface.

Two distinctly different polarity and attenuation patterns were
found in studying a suite of Kurile Islands shocks; however, similar polarity
patterns yielded similar attenuation patterns. It has been suggested that
identification of the polarity patterns from attenuation data recorded at a




limited number of stations may be practical. Before this can be accomplished,
however, much more research must be conducted to resolve problems con-
cerning regional travel times and phase attenuations.




WORLDWIDE SEISMICITY, 1963

SECTION I
DEFINITION AND SUMMARY
A. OBJECTIVES

Annual numbers of earthquakes which might be confused with
nuclear explosions are of great importance to VELA UNIFORM. Providing
additional data for estimating such numbers is the primary objective of this
study.

Prior to the publication of the report on worldwide seismicity

in 1960, little was known of seismic activity below MS = 6.0 on a worldwide

basis. That report succeeded in extending knowledge of seismicity down to

MS = 5.0. However, the 1960 report showed, as was generally known, that

seismic activity is subject to sometimes extreme variations from year to
year. Hence, the apparent necessity for a more extended seismicity study
resulted in this 1963 study.

Using nearly the same methods developed and standardized in
the 1960 study, the following objectives were set:

e Documentation of seismic activity during 1963
e Comparison with seismicity in 1960 and other years
e Definition of areas having unusual activity in 1963

e Estimation of seismic activity in magnitude ranges
and geographical areas of primary interest to
VELA UNIFORM

In addition to studies performed in the 1960 effort, magnitudes
on the USC&GS scale (mb) were calculated. Thus, 1963 seismicity data are

available for the same time period, same events and from the same suite of
stations based upon both the old and the new magnitude scales, and the results
are compared.

It was also necessary to ascertain the capabilities of the suite
of stations to record seismic activity. These capabilities were determined
from the calculation of theoretical limits of perceptibility and the results
obtained were used in estimating the lowest magnitude for which worldwide
data may be considered complete.




B. METHODS

Little change has been effected in the methods employed in
the 1960 study. (The major change has been mentioned, i.e., the addition of
the mb calculation.) Data reduced from the USC&GS Standard Stations and

three of the Canadian seismograph stations are summarized in Table I. All
. Eeak-trough
amplitudes are 5 .
TABLE 1

PHASES ANALYZED FOR 1963 DATA

Phase Definitions and Remarks lMeasured On:
PU Maximum A/T in first few cycles of P SPZ only
P Maximum A/T in P group SPZ, LPZ
PP Maximum A/T, when P not observed SPZ, LPZ
S Maximum A/T All components
R Maximum A of surface waves, T = 20 LPZ, SPZ
Maximum A of surface waves, T =20 LPN& E, SPN& E
MZ Maximum A& T of surface waves,
17< T < 25, T # 20 LPZ, SPZ
MH Maximum A& T of surface waves, LPN& E, SPN& E
17<T <23, T #20 ‘

These data are recorded on analysis sheets from which IBM
data cards are punched. One header card containing information about the
event and one or more phase cards containing trace measurements are
punched for each station event. These cards serve as input to a five-stage
computer program employing an IBM 1401 for the first and last stages and
an IBM 7094 for the remaining stages.

The first stage of the program is a pre-edit routine which
checks all cards for completeness and disallowed entries and transfers the
correct data to magnetic tape. Data in the input tapes are listed by station.
In the second stage of the program, trace measurements are converted to
ground motion in microns using a library of response curves for the instru-
ments at each station. In the next stage, magnitudes are computed and a set
of statistics are developed for each magnitude method and each station. Mag-
nitudes calculated and methods employed are shown in Table II. Statistics
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accumulated for cach method of magnitude determination are:

ALPHA Average difference between calcu-
lated and published magnitudes

BETA Standard deviation of ALPHA

GAMMA Maximum algebraic value of
ALPHA

SIGMA Minimum algebraic value of
ALPHA

ETA Number of times cach method has

been compared to published values

The values of ALPHA are corrections which are added to cach
magnitude for 4> 16° except for m, . In the case of m, the uncorrected

value is retained and another m_ is derived which has the correction applied
at all distances. Weights bascdbupon these statistics are assigned each
method. In general, these weights are unity except where the statistics show
general unreliability of the metliod. Also, surface-wave magnitudes computed
from short-period instrument data are weighted less due to the decreased
reliability of instrument response data at longer periods.

Using these weights and corrections, magnitudes for cach
event at each station are averaged in the fourth stage as follows:

M = mean of corrected short- and long-period
P maximum P-magnitudes, or if P not
recorded,
MPP = mean of correct short- and long-period

PP magnitudes.

TASH = mean of long- and short-period SH mag-
nitudes,
mLR = weighted average of corrected surface

wave magnitudes.

The values of the USC&G S unified magnitude (mb) are kept separate from

these magnitudes throughout the program. The final magnitudes calculated

for each event at each station consist of VS, (the mean of Vp’ VSH and ﬁLR) ,

mb and correc.ad m._ .

b




In the final stage of the program all values of MS’ m, and

corrected m, are averaged for the same events. These are the calculated

magnitudes shown in the event list found in Appendix A.

In this report, seismicity is defined as the annual number
of earthquakes per unit area, in the magnitude ranges 5.0 < MS < 6.0. The

unit area chosen is approximately the size of a five-degree grid on the earth's

surface at the equator {about 3 x 105 square kilometers). The procedure fol-
lowed is to divide the earth along each five degrees of longitude, starting at
the prime meridian, and in latitude, north and south of the equator at 5, 10,
15, 20, 25, 30.5, 36, 42, 49, 57, and 67 degrees. The number of earth-
quakes in the magnitude ranges 5.0 < MS <6.0 which lie in each of the

nearly equal 1728 unit areas are counted. On the seismicity map the number
counted is placed within the unit area and contours drawn to delineate differ-
ent levels of seismicity.

Various epicenter maps, showing the geographical distri-
bution of earthquakes in 1963, are drawn. Two maps are drawn for earth-
quakes of magnitude MS >4.0 — one for shallow and normal depth foci and

another for intermediate and deep earthquakes. A similar set of two maps

are drawn for events of m, >4,0. Magnitude ranges indicated are 4.0 to

5.0, 5.0 to 6.0 and greater than 6.0 for both MS and m, . Deep focus earth-

quakes are differentiated from intermediate by showing intermediate depth
events as open circles and deep as closed circles.

C. SUMMARY OF OBSERVATIONS

Data were reduced and processed from the records of 72 seis-
mograph stations in 1963. All but three of the stations were part of the
USC &GS Worldwide Standard Station Network. The other three stations were
part of the Canadian seismograph station network and were located in the
Canadian Arctic.

Based upon the investigations undertaken in this study, plus
search of available bulletins for additional epicenter locations, it was
determined that about 11,600 events were recorded during 1963. About 4800
events are listed in Appendix A representing the known epicenter locations
in 1963. Worldwide data are considered complete above magnitude 5.0 {m
and MS). Numbers of shocks MS > 5.0 were: b

- %




Shallow Intermediate Deep
{(h = 70 km) (70 km < h < 300 km) (h > 300 km)

5.0 < M < 6.0 1000 239 95

6.0 < Mg < 7.0 158 26 11 )

7.0 <M < 7-3/4 8 1 1 ]
Mg - 7-3/4 0 1 0

Total 1166 267 107

These data give relationships between number and magnitude
as follows:

(1) Shallow — log N = 8.00 - 0.96 Mg, ]

(2) Intermediate —log N=8.14 - 1.11 M_, and

S

(3) Deep —1log N = 6.70 - 0.92 M.
The circum-Pacific belt accounted for about 76, 85 and 93

percent of shallow, intermediate and deep focus activity (MS - 5.0) in 1963.

The remainder of the deep focus shocks were located in the Sunda arc. Most
of the activity outside the circum-Pacific belt was located in the Alpide,
although the oceanic ridges and rises were rather well defined by shallow
seismic activity.

The southern Kurile Islands were the most active single area
in 1963, although the Kermadec-Tonga Islands area had the greatest amount
of intermediate and deep-focus shocks. Besides the Kurile-Kamchatka area,
activity in the USSR was located east of the Caspian Sea along the border
with Iran, in the Caucusus Mountains and in Central Asia near the Hindu Kush.

Activity in southern Chile was lower than in 1960 by a consider-
able margin, after less than three years following the onset of the great
earthquake swarm of 1960,

D. PRINCIPAL CONCLUSIONS

In 1963 the numbers of shallow earthquakes MS 6.0 were

about the same as the mean annual numbers given by Gutengerg and Richter
{1954) while more shocks in the range 5.0 - MS < 6.0 wefe recorded than

predicted by Gutenberg and Richter. In comparison to 1960, seismic activity
was quite low, mostly due to the reduction in activity ih southern Chile.

10 L
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However, in most regions fewer shallow shocks were observed in 1963 than
in 1960. Two exceptions were the Kurile and Aleutian Islands, particularly
the former.

Activity at depths deeper than normal was considerably
increased over 1960. Part of this increase may be only apparent since
hypocenter determination has been improved over that in 1960 due to the
greater number of high-quality stations and use of electronic computer
capabilities in processing seismic data.

Analysis of 1963 seismicity, plus reference to the 1960 study
and other works in seismicity, enable a worldwide system of fault traces to
be sketched. These tectonic features outline continental and oceanic stable
areas.

Comparison of statistics based on MS and m shows apparent

inconsistencies from region to region, related to the proximity of seismo-
graph stations to active zones. Somewhere between 15 and 20 degrees dis-

tance, the relationship between m, and MS becomes approximately MS= m

+ 0.8. At distances less than about 15 degrees, a different relationship
(one very near Richter's m = 0.63 MS + 2.5) seems to hold.

Lack of consistent results in relating the two scales and in
comparing m data from region to region, compounds the problem of esti-

mating the numbers of shallow shocks which might be confusrd with nuclear
explosions in the USSR and China. Estimates of annual numbers of expected
shallow earthquakes 4.0 (MS < 5,0 can be made, however. These esti-

mates are: Kuriles and Kamchatka — 1500; other USSR activity — 50;
China — 100. The estimated worldwide shallow earthquakes (4.0 < MS < 5.0)
was 9000.

E. RECOMMENDATIONS

Seismicity studies should be continued, with emphasis placed
on the accumulation of statistics on smaller shocks (MS < 6.0). The work

of Gutenberg and Richter (1954) essentially established the trends in the
geographical distribution of seismic activity. However, their studies were
based on data for large shocks only, and activity in the magnitude range of
interest to VELA UNIFORM was inferred from statistics of much larger
magnitudes. The studies of 1960 and 1963 seismicity extended the range of
knowledge down to M_ = 5.0 and showed that the estimates of Gutenberg and
Richter for annual numbers of earthquakes in the range 5.0 < MS < 6.0 were

probably too low. Only the accumulation of more statistics can substantiate
this conclusion.

11
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Use of the unified magnitude scale m, based upon the maxi-
mum amplitude of P or Pn within the first few cycles, began with VELA

UNIFORM stations in 1962 and became widespread only with the adoption of
the scale in early 1963 by the USC&GS. Considerable difficulty was
encountered in relating the new scale to the Richter magnitude MS, although
it was found that a relationship of the type (mb = MS + constant) fit the data

as well as any (VESIAC Magnitude Conference, April, 1963). Most of the m,

magnitudes were based on teleseismic recordings. This 1963 seismicity
study also shows such a relationship is valid for teleseismic recordings.
However, at closer distances the two scales do not appear to relate in this
manner. Consequently, it is recommended that continued study of the rela-
S be made, emphasizing the dependence, if any,

upon distance. Study of amplitude variations as a function of distance should
be an integral part of such studies.

tionship between m, and M

VELA UNIFORM is particularly interested in the seismicity
of USSR and China, and more specifically, in determining the expected
annual numbers of earthquakes in these areas which might be confused with
nuclear explosions. In addition, the precise determination of the locations
where this activity may be expected to occur is of considerable importance.
In order to satisfy these needs more adequately than is currently possible,
two recommendations are offered:

(1) The establishment of more high-quality seismograph
stations, with the capability of monitoring seismic
activity down to magnitude 4.0 in USSR and China, dis-
tributed so as to improve the azimuthal coverage of
these areas, and

(2) Continued improvement in techniques for determining
earthquake hypocenters, employing maximum use of
computer technology and including recent developments
in the understanding of the earth's crust and upper man-
tle variations. Along with this, confidence limits should
be established on the hypocenters to provide estimates
of the precision of locations.




SECTION 11
PRESENTATION OF DATA
A. WORLDWIDE RESULTS

The 1963 seismicity was, as is usual, concentrated in the
circum-Pacific belt. Of those earthquakes for which M 2 5.0, 76 per cent
of the shallow, 85 per cent of the intermediate and 93 per cent of the deep
focus shocks were located in the circum-Pacific seismic belt. Other seismic
activity occurred in the Alpide zone (principally in the Eastern Mediterranean,
Hindu Kush to the western Himalayas, southern Sumatra and eastern Java,
and the eastern extremity of the Sunda arc), in the Caribbean loop and along
most of the oceanic ridges and rises.

Figures 1l through 5 illustrate the geographical distribution
of seismic acitvity in 1963. Figures 1 and 2 show plots of epicenters for
which MS >4.0. Epicenters in Figure 1 are only for shallow and normal

focus shocks (h < 70 km) while epicenters in Figure 2 are for both inter -
mediate (70 km < h < 300 km) and deep-focus (h >300 km) earthquakes.
Figures 3 and 4 parallel Figures 1 and 2 in content, except that in these
figures, epicenters are shown for which m, 24.0. Figure 5 is a seismicity

map which shows annual numbers of earthquakes per unit area in the magni-
tude range 5.0 <M < 6.0. The unit area chosen is approximately the size

of a 5-degree grid, or 3 x lO5 square kilometers.

Several features of 1963 seismicity, as illustrated in Figures
1 through 5, are of particular interest. These are:

(1) The earthquake swarm in the Kurile Islands which
began 12 October. Several minor swarms occurred
earlier in the year, such as in June and July, and
may have been hearlding the onset of the major activity.

(2) The clear delineation of oceanic ridges and rises by
seismic activity. The mid-Atlantic ridge is well out-
lined by earthquake epicenters, as are the ridge sys-
tems in the Indian Ocean and the Southeastern Pacific.

(3) The return of activity in southern Chile to near that
level existing before the great earthquake swarm of

1960.

(4) Somewhat increased activity along the southern USSR
border in the vicinity of the Caucasus Mountains and
in the Kopet-Dag region.

13
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(5) Greatly increased intermediate depth activity
in the Banda Sea-Molucca Passage area. The
only ''class a' (M - 7-3/4) earthquake rccorded
in 1963 (magnitude 8. 2), coordinates 6.8 S; 129.6
E; depth, 80 km; date, 4 November; 01:17:09
GCT was located in this area.

A more detailed analysis of the geographical distribution of
seismic activity as pictured in the first five figures, plus consultation of
similar data for 1960 seismic activity, reveals a clear pattern of stable
areas surrounded by zones of varying seismicity levels. By tracing these
seismic zones and extrapolating some of their trends, the major tectonic
features of the earth or global zones of maximum stress may be defined.
Beginning <t a point just off the east coast of Kamchatka at about 65 degrees
north, a fault system may be traced through the Komandorskie Islands
along the Aleutian Island arc extending up the Alaska peninsula and the Aleu-
tian range to about the Arctic Circle north of Fairbanks (this may extend on
to the northern coast of Alaska) where a sharp turn to the southeast may be
traced. From this point, the tectonic system trends along the coast and
then just off the Alexander archipelago to the Queen Charlotte Islands, where
a lesser zone branches off to Vancouver Island ( and possibly connects to the
activity in Montana- Wyoming-Utah area across ldaho), while the main branch
parallels the Washington and Oregon coasts, some 400 or 500 kilometers off
shore, to about 45 degrees latitude north, where it curves back to the Cali-
fornia coast at about the point where the San Andreas fault disappears into
the ocean. After reaching the coast, the fault system follows along the coast
ranges into southern California where an intersection is made with a fault
system trending along the strike of the Sierra Nevadas (this may be connected
witl. the branch through Vancouver Island, thus forming a loop about a small
stable area in western Oregon) and continuing down to and through the Gulf of
California, then south along the 110th west meridian to the Revilla Gigedo
Islands, where another turn (approximately 90 degrees) in the trace leads to
an intersection with the Jalisco, Mexico coast.

Just off the coast at this point arother branch occurs. The
main branch continues along the coasts of Mexico and Central America
while the other branch trends generally south to about the equator and then
curves to the southwest toward Easter Island. The main branch continues
along the Central America coast to the Peninsula de Azuero, where it lcaves
the Panama coast and continues in a southerly direction to about 5 degrees
north latitude and turns sharply to the east. From this point, yet another
branch extends westward to the Galapagos Islands (this branch may connect
with the Easter Island-to-Revilla Gigedo Islands branch).
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Upon reaching the Colombia coast, the main branch divides
into two parts: one continues along the coast of South America; the other
crosses northern Colombia to the Venezuela coast east of Lake Maracaibo,
and continues along that coast to Trinidad, where it follows the trend of the
Lesser Antilles and then back to the west along the Greater Antilles to
Jamaica and across to Honduras, forming the Caribbean loop.

The southern branch continues along the Colombia and Equador
coast to northern Peru, where another division is made; the major fault sys-
tem continues along the coast, while a lesser system follows along the east-
ern side of the Andes to about the eastern Bolivia-Argentina border where it
curves more to the west to rejoin the coastal branch at about 30 degrees
south latitude. These recombined branches continue southward along the
coast to about 45 degrees south latitude. At this point, these branches inter-
sect with a branch from the Easter Island vicinity, which completes a loop
in the southeast Pacific.

A lack of epicenters south of Easter Island to about 50 degrees
south latitude renders a connection between the Easter Island tectonic system
and that in the south Pacific between 50 and 60 degrees south latitude and 110
and 140 degrees west longitude, somewhat hypothetical. The same may be
said for a connection between this last mentioned zone and that in the Mac-
quarie Islands area. However, a system of rises exists here which is
considered the boundary of the Pacific basin. The remoteness of this area
from land masses, and thus from seismograph stations, makes location of
shocks of magnitude less than 5.0 difficult. Hence, the existence of fracture
zones along these ridge systems is not improbable, although such zones are
certainly less active than in the better known portions of the circum-Pacific
belt.

From the Macquarie Islands two zones may be traced. One
follows northward in a long arc through New Zealand, Kermadec Islands
and Tonga Islands to the Samoa-Fiji Islands area. Here it follows a shorter
arc through the Fijis to the New Hebrides, where it bends northward along
the New Hebrides arc to the Solomon Islands, through the Solomons to New
Britain and along the northern coast of New Guinea to the Molucca passage

where an intersection is made with the Alpide zone at the eastern end of the
Sunda arc.

At this point, the trace turns northward along the castern side
of the Philippine Islands to Formosa and up the Ryukyu Islands to Japan.
Branching southward from southeastern Honshu, another fault zone passes
through the Volcano Islands, the Mariana Islands and into the Caroline Islands
where it terminates. Apparently, there is no connection between this point
and the Bismarck archipelago. Thus, this branch does not completely
enclose the Philippine Sea.
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The zone in Japan continues along castern Honshu to Hokkaido
and up the Kurile Islands arc and eastern Kamchatka, the starting point of our
trace. Thus, it is seen that a continuous trace of fault zones of varying
activity may be traced completely about the Pacific Ocean.

Earlier it was mentioned that two zones may be traced from
the Macquarie Islands. The second follows along the Indian-Antarctic swell
south of Australia trending toward Madagascar. At about 30 degrees south
latitude, 70 degrees east longitude, an intersection is made with a zone
extending southward from the Persian Gulf. From this intersection a line
may be inferred curving south and west to an intersection with the southern
extremity of the mid-Atlantic ridge in the Bouvet Islands area, and continue-~
ing westward to the Sandwich Islands and South Shetland Islands, through
Drake Passage and then curving upward along the extreme south Chilean
coast to meet the more active zone in southern Chile at about 45 degrees
south latitude. By returning to Southern Chile, a continuous zone of rela-
tively low activity has been traced around the stable Antarctic continent.

From the Bouvet Islands, the mid-Atlantic ridge zone follows
a nearly northerly direction to about the equator where it turns sharply west
tu about 30 degrees west longitude and then curves north and east to the
Avores, where a northerly direction is resumed. The shocks which have
occurred off the coast of Portugal (not in 1963) may imply a connection
between the Alpide zone and the mid-Atlantic zone westward from the
Azores to Morocco.

The Alpide zone extends from Morocco along the Algerian
coast up to southeastern France, then across northern Italy, the Yogoslav
coast, Greece, Cyprus, Turkey, the Caucasus Mountains, northern Iran,
Afghanistan, the Himalayas and northern Burma, where the zone turns
sharply south down to the Andaman and Nicobar Islands and then follows the
Sunda arc to the intersection with the circum-Pacific zone.

Several branches of the Alpide zone may be observed. Begin-
ning at the western end of the Alpide zone, the first branch appears as a
southern extension of Caucasus Mountains portion of the Alpide zone and
follows that trend along the Iran-Iraq border and the ecastern shore of the
Persian Gulf. The branch then enters the Arabian Sea following the coast-
line of the Arabian peninsula to about 55 degrees cast longitude where an
intersection is made with a previously mentioned branch which continues
southward into the Indian Ocean. Also from 55 degrecs cast longitude, a
zone continues west through the Gulf of Aden and joins the African rift zone.
The possibility also exists that the African rift is connected with the Indian
Ocean zone eastward from Southern Rhodesia across Madagascar.




Traces now have been completed which surround the stable
portions of Africa, continuing our pattern of stable areas separated by
fault zones.

Another branch from the Alpide zone occurs at the Hindu
Kush. This zone extends along the Pamirs, into Sinkiang, China, Mongolia,
and northward to Lake Baikal in the USSR. Also, several small loops may
be observed in western China which follow along mountain systems and
separate stable plateaus.

The zone extending to Lake Baikal may be connected with the
Arctic zone across eastern Siberia but seismic evidence for such a link is
lacking. Available data tends to show, rather, that a loop is formed by a
zone extending south across Mongolia and central China.

The northern end of the mid-Atlantic zone joins the Arctic
zone north of Iceland. The Arctic zone then turns eastward toward Norway
and north to Spitzbergen and Svalbard and continues on, remaining south of
the North Pole, to the Laptev Sea and across Eastern Siberia to Sakhalin
Island, intersecting the circum-Pacific zone at Hokkaido.

Thus, the picture of worldwide tectonic features is complete.
The stable masses of the Americas, Eurasia, Africa, Antarctica and Pacific
basin are seen to be surrounded by large scale fracture zones. Some excep-
tions to the pattern also appear. Among these are: absence of a connection
between the Leeward Islands and the mid-Atlantic ridge; no apparent zone
through the Red Sea to isolate the Arabian peninsula from Africa; no apparent
zones to separate the Indian shield, the eastern Indian Ocean and Australia;
and the gap between the Caroline Islands and the Bismarck archipelago.

A statistical view of seismicity is presented in Tables III and

IV which present statistics in terms of MS and m, , respectively. Data

are shown for all recorded shocks above magnitude 3.0 in each case, although
worldwide coverage is considered complete only above magnitude 5.0
(MS and mb). S, I and D refer to shallow (h <70 km), intermediate

{79 km <h £ 300 km) and deep (h 2300 km) focus earthquakes, respectively.
Regions are as given by Gutenberg and Richter (1954). The column on the
right show the percentage of worldwide activity (M 25. 0 or m, 25.0) which
occurred in 1963 in each region. b

For comparison purposes, Table V shows similar data
obtained in the 1960 study. On the basis of earthquakes for which MS 25,0,

1963 seismicity was at a lower level, worldwide, than in 1960. In 1963, a
total of 1,540 shocks at all depths (MS >5,0) were recorded as compared to
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TABLE IV

REGIONAL MAGNITUDE STATISTICS 1963 (ufb)

3.osmb<4.o 4.osmb<5.o s.osmb<6.o 6.0$mb<7.0 Vomsz.o
Region
o s 1 D s 1 D s 1 D s 1 s 1 D
1 23 4 121 | 23 64 5 7.9 3.0
2 24" 12 1 0.1
3 73 73 7 0.9
4 5 22 1 4 0.5
5 45 4 59| 14 2 1 0.2 0.6
6 23 3 ss | 10 6 1 0.7 0.6
7 10 7 13| 20 5 8 0.6 4.8
8 388 | 10 4 260 | 96 4 58 15 3 1 7.2 8.9 5.5
9 18 3 0.4
10 3 22 3 2.7 L8
11 2 1 5 2 0.6 1.2
12 12 6 13 173 | 85| 128 106 | 16 | 42 13.2 9.5 76.4
13 6 3 1 1 0.6 1.8
14 10 s 81 ] 44 3 26 | 17 4 3.7 101
15 4 1 63| 26 s 26 | 17 1 3.2 10.1 1.8
16 122 1 173 | 23 90 | 2% 1 1 11.3 15.5
17 19 3 3 0.4
18 1 2 15| 18 9 7 s 3 0.9 3.0 5.5
19 16 6 2 679 | 53 s 153 8 1 19.1 4.8
20 13 8 1 8 2 .0 L2
21 18 3 10 1 1 1.2 0.6
22 117 1 97 17 1 15 8 1.9 4.8
23 3 53| 32 2 29 13 1 1 3.6 8.3 1.8
24 3 4 | 45 6 23 10 3 2.9 6.0 5.5
25 11 7 3 1 0.6
26 3l 23 2 11 1.4
27 3 18 2 4 0.5
28 6
29 47 31 1 10 1.2
30 70 1 98 8 17 1 2.1 0.6
31 3 15 1 1 s 0.6
32 2 sl 15 1 2.0
13 24 11 1.4
4 156 76 1 0.1
36 1 6
kY 3 10 7 0.9
k1] 1 3 1 0.1
39 3 3 1 1 0.1
40 5 1 37 3 0.4
41 7 4 3 0.4
42 2 7 3 0.4 ‘
43 18 1 11 1.4
44 1 11 1 0.1
45 6 9 1.1
46 7 1 1.8
47 38 3l 2 5 0.6
48 1] 10 6| 29 4 6 0.5 3.6
49 3 1
50 1 0.1 .
51 1
1232 | 71 20 2587 | 577 175 796 | 166 | S5 9 2 99.6 100.2 100.1
1323 3339 987 1T 1 5660
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1,693 in 1960. However, the number of intermediate and deep-focus earth-
quakes in 1963 exceeded the totals in 1960; 267 and 107 compared to 227 and
81 in 1960. A contributing factor in this apparent increase in deeper-than-

normal depth activity is probably the improved depth determination in 1963

resulting from use of electronic computers and the availability of more data
from an increased number of high-quality seismograph stations.

The decrease in shallow and normal focus activity may be
attributed in part to the marked decrease in seismic activity in Southern
Chile, compared to the extremely high level existing in 1960. As mentioned,
the depth determination improvement probably resulted in fewer shocks
being considered shallow when the depth actually exceeded 70 km.

Another comparison of 1963 seismicity can be made with the
results of Gutenberg and Richter (1954). Their statistics show mean annual
numbers of shallow earthquakes as: M 27-3/4 -2; 7.0 <M <7-3/4 -12;

6.0 <M <7.0 -108; and 5.0 <M <6.0 -800. Similar figures for 1963 are
0, 8, 158, and 1000. The numbers of earthquakes + 1/4 magnitude unit
above magnitude 5.0 were determined for the 1963 data and a linear least-

squares solution of the form log N = a-b MS was determined for all three

depth classes. Figure 6 shows the points plotted and the least-squares solu-
tions. The values found were:

shallow a=8.00%0.09, b=0.96+ 0.04,
intermediate a=8.14+0.10, b=1.1110.02,
deep a=6.70+0.05, b=0.92+0.01,

Modifying the results of Gutenberg and Richter (1954) to the same format
as above yields:

shallow a=17.42+0.02, b=0.901+0.02,
intermediate a=9.1 £0.02, b=1.2 +0.2,
deep a=8.4 +0.02,b=1.2 0.2,

The 1960 data were sorted only into numbers per unit of magnitude. How-
ever, an estimate of values of '"a' and 'b" for 1960 are:

shallow a=6.99, b = 0. 83,
intermediate a=6.21, b = 0. 83,
deep a = 7.66, b=1.21.

Considerable variation is apparent in these determinations.
It appears that the average of 1963 and 1960 shallow activity would result in
a relationship closer to that found by Gutenberg and Richter, although the
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number of shocks less than magnitude 6.0 still would be larger than the
estimate of Gutenberg and Richter (1954). Intermediate and deep-focus
data may be too small a sample to yield valid results for mean annual
activity as more variation is apparent in the recurrence relationships for
these depths.

Statistics were also accumulated based upon the USC&GS
unified magnitude, m_, and are presented in Table IV. Many more earth-

b
quakes are listed for m 23.0 than for MS 25,9. However, inspection of
the data shows fewer events for m, 2 5.0 than MS 25,0, In comparing

results of individual event magnitude calculation, it appeared that for the
very small shocks, m, was larger than MS; while for the bigger shocks, m

was usually less than or equal to M Most of the smaller shocks were

b
s’
recorded by stations near the epicenter while the larger events were

recorded at teleseismic distances; therefore, an investigation of the differ-

ences in the two magnitude scales as a function of distance was warranted.
Figures 7 and 8 illustrate the results of this investigation,

Figure 7a is a plot of the differences (M-mb) as a function of
distance. Here, M is called MTOT' which means it is the average of both
body and surface wave magnitudes ( when both are recorded). Considerable
scatter is apparent; however, a dependence on distance seems to exist up
to about 15 to 20 degrees. Beyond this point a horizontal line at (MTOT-mb)

= 0.8 seems to fit the data rather well. Figure 7b is a similar comparison
except m, is subtracted from surface wave magnitudes only. No dependence

upon distance is readily discernible and the same horizontal line, as in the
previous figure, fits the data. *

Figure 8 represents a further investigation of the relation-

. . F' N . .
ship between m and MS igures 8a—8d plot mb as a function MTOT in

various distance ranges; 8a — A < 6 degrees, 8b — 6 degrees < A < 16 degrees,
8c — 16 degrees < A <30 degrees and 8d — A > 30 degrees. In Figures 8a
and 8b, the slope of the linearbest-fits appears to be different from 45 degreas.

In 8¢ and 8d, lines with slopes of 45 degrees and intercepts of 0.6 to 0, 8
seem to give good f{its.

Figure 8e plots mb as a function of MRL' the surface wave

magnitude determined in this study. The reduction in the magnitude range
available for plotting plus somewhat increased scatter in the points makes

a linear fit to the points difficult. However, the lines determined for 8c
and 8d would fit the data in 8e, also.
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This brief investigation of the m - MS relationship shows

further work is needed to yield valid results in comparing seismicity data
based upon the two scales. Comparison of Tables III and IV shows wide
variation from region to region in the relationship of the two scales. In
general, regions where stations are located yield different results than
where recordings are made from only distant seismograph stations. For
these reasons, a detailed comparison of seismicity based upon the two
magnitude scales is deemed unfeasible at this time.

B. REGIONAL DISCUSSIONS

Regional trends of seismic activity have been indirectly
covered in the worldwide discussion. The following will be an elaboration
in more detail of regional seismicity. Figure 9 shows the regional bound-
aries, adopted from Gutenberg and Richter (1954), and the geographical
distribution of the seismograph stations from which data were used in this
study. The stations and their coordinates are listed in Table VI.

1. Circum-Pacific Belt

Activity in the Aleutian arc followed the classic Pacific type.
In general, shallow and normal focus earthquakes were located along the
arc away from the Pacific. This is shown graphically in Figures 10 and 11.
Epicenters of the intermediate depth shocks are, however, not significantly
displaced from the shallow depth epicenters. If, as has been postulated,
hypocenters fall along a plane dipping into the earth, this plane dips very
steeply, approaching the normal, in the Alcutian arc. No deep-focus
activity is found in this region.

Seismic activity in 1963 increased over 1960 for both shallow
and intermediate depths as is shown by comparing data for Region 1 in
Tables IIl and V. However, one shockof M > 7.0 wag recorded in 1960 and
none in 1963. Percentage of worldwide activity increased from 4.5 and 4. 8
to 6.6 and 5.6 for shallow and intermediate shocks, respectively.

Region 2 extends from southeastern Alaska to Puget Sound.
Only shallow activity is found in this region and that accounted for only 0.1
percent of worldwide totals in 1963 and 0.2 in 1960. The most scismic
arca o!f the region occurs from Queen Charlotte Islands to Vancouver Island

California and the adjacent arcas comprise Region 3. Here,
also, only shallow earthquakes occur !in southern California, particularly,
they are quite shallow) and in 1963 accounted for only 0.2 per cent of the
worldwide totals. Seismicity in 1963 decreascd sharply from 1960 and in

both years appears less than the mean annual values of Gutenberyg and
Richter (1954).

-
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STATIONS USED FOR 1963 SEISMICITY STUDY

TABLE VI

Station Code Latitude Longitude Region

Addis Ababa, Ethiopia AAE 9° 01' 45" N 38° 45' 56" E 37
Adelaide, Australia ADE 34° 58' 01"S 138° 42' 32" E 38
Afiamalu, Samoa AFI  13° 54' 34" s 1719 4¢' 38" W 12
Albuquerque, New Mexico ALQ 34° 56' 30" N 106° 27' 30" W 34
Alert, Canada ALE 82° 29' 00" N 62° 24' 00" W 40
Ann Arbor, Michigan AAM 42° 17" 59" N 83° 39 22" w 34
Antofagasta, Chile ANT 23° 41' 56" S 70° 24' 54" W 8
Arequipa, Peru ARE 16° 27' 44" S 71° 291 29n w 8
Athens, Greece ATU 37° 58' 22" N 23° 43 00" E 30
Baguio, Philippines BAG 16° 24' 39" N  120° 34' 47 E 22
Balboa Heights, Canal Zone BHP  8° 57' 39" N 79° 33t 29" w 6
Bermuda -Columbia,

Bermuda BEC 32° 22' 46" N 64° 40' 52" W 32
Blacksburg, Virginia BLA 37° 12' 40" N 80° 25' 14" W 34
Bogota, Colombia BOG 4° 37" 23" N 74° 03' 54" W 8
Bulawayo, Southern

Rhodesia BUL 20° 08' 36" S 28° 36' 48" E 37
Byerly, California BKS 37° 52' 36" N  122° 14' 06" W 3
Camp Century, Greenland CCG 77° 10' 00" N 61° 08' 00" W 42
Caracas, Venezuela CAR 10° 30" 24" N 66° 55' 40' W 7
Charters Towers, Australia CTA 20° 05' 18"'S  146° 15' 12" E 38
Chiengmai, Thailand CHG 18° 47' 24" N 98° 58' 37" E 25
Copenhagen, Denmark COP 55° 41' 00" N 12° 26" 00" E 36
Copper Mine, Canada CMC 67° 50" 00" N  115° 05' 00" W 42
Corvallis, Oregon COR 44°% 35' 09" N  123° 18' 12" W 3
Dugway, Utah DUG 40° 11' 42" N  112° 48" 48" W 34
Florissant, Missouri FLO 38° 48' 06" N 90° 22' 12" W 34
Godhavn, Greenland GDH 69° 15" 00" N 53° 32' 00" W 42
Golden, Colorado GOL 39° 42' 01" N  105° 22' 16" W 34
Goldstone, California GSC  35° 07' 00" N  116° 48' 17 W 3
Guam, Mariana Islands GUA 13° 35' 18" N  144° s54' 42" E 18
Hong Kong HKC 22° 18' 13*' N  114° 10' 19" E 25
Honiara, Solomon Islands HNR 9% 25' 541 g 159¢ 56' 48" E 15
Istanbul, Turkey IST  41° 02' 36" N 28° 59' 06" E 30
Kevo, Finland KEV  69° 45' 20" N 27° 00' 50" E 40
Kipapa, Hawaii KIP  21° 25' 24" N 158° 00' 54" W 39
Kongsberg, Norway KON 59° 39' 00" N 9° 35' 00" E 36
Lahore, West Pakistan LAH 319 33' 00' N 74° 20' 00" E 47
La Palma, El Salvador LPS 14° 17" 32" N 89° 09' 43" w 6
La Paz, Bolivia LPB 16° 31' 58" S 68° 05' 54" W 8
Longmire, Washington LON 46° 45' 00' N 121° 48' 36" W 3
Lubbock, Texas LUB 33° 35 00'N  101° s51' 00" W 34
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TABLE VI (CON'TD)

Station Code Latitude Longitude Region
Madison, Wisconsin MDS 43° 22' 20" N 89° 45' 36" W 34
Malaga, Spain MAL 36° 43' 39' N 4° 24" 40" W 31
Manila, Philippines MAN 14° 40' 00" N 121° 05' 00" E 22
Minneapolis, Minnesota MNN 44° 54' 52" N 93° 11' 24 W 34
Mould Bay, Canada MBC 76° 14' 00" N 119° 20' 00" W 42
Mundaring, Australia MUN 31° 58' 42" N 116° 12' 30" E 38
Nairobi, Kenya NAI 1° 16 26" S 36° 48' 13" E 37
Nana, Peru NNA 11° 59* 15"S 76° 50" 32" W 8
New Delhi, India NDI  28° 41' 00" N 77° 12" 00' E 47
Nurmijarvi, Finland NUR 60° 30' 32" N 24° 39' 05" E 49
Port Moresby, New Guinea PMG 9% 24' 32"S  147° 09' 14" E 16
Porto, Portugal PTO 41° 08' 19" N 8° 36' 08" W 31
Pretoria, South Africa PRE 25° 45' 00" S 28° 15' 00" E 37
Quetta, West Pakistan QUE 30° 11' 18" N 66° 57' 00" E 47
Quito, Ecnador QUI 0° 12' 58'S 78% 29t s7" W 8
Rabaul. New Britain RAB 4% 11' 33's  152° 10' 16" E 15
Resolute, Canada RES 74° 41' 12" N 94° 54t 00" W 42
Riverview, Australia RIV ~ 33° 49" 46" S 151° 09' 30" E 38
Seoul. Korea SEO 37° 34" 00" N 126° 58' 00" E 41
Shillong, India SHL 25° 34' 00" N 91° 53' 00" E 26
Shiraz, Iran , SHI 29° 38' 31" N 52° 30' 47" E 29
South Pole, Antarctica” SPA  90° 00' 00" S 0° 00' 00" 50
State College, Pennsylvania SCP  40° 38' 36" N 779 52' 10" W 34
Stuttgart, Germany STU 48° 46' 15" N 9° 11' 36" E 36
Taipei, Formosa ANP 259 11' 00" N 121° 31' 00'E 21
Tasmanian University,

Tasmania TAU 42° 54' 36" S 147° 19" 14" E 38
Toledo, Spain TOL 39° 52' 53" N 4° 02' 55" W 31
Trinidad, West Indies TRN 10° 39' 00' N 61° 24' 6" W 7
Tucson, Arizona TUC 32° 18' 35" N  110° 46' 56" W 3
Valentia, Ireland VAL 51° 56' 00" N 10° 15' 00" W )
Weston, Massachusetts WES 42° 23' 05" N 71° 19" 20" W 34
Windhoek, South Africa WIN  22° 34" 00" S 17° 06' 00" E 37
* Not plotted on Station Location Map.
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Similar observations as the preceding hold true for Region 4
Ouly shallow earthquakes are observed, with most of those observed in 1963
occurring at the northern end of the Gulf of California and nn the adjacent
mainland. Shallow shocks in this region were about 0.2 percent of the
worldwide totals (M = 5.0). Activity in 1960 was somewhat greater (0.3 per-
cent) and for both years, less than Gutenberg and Richter's mean annual
numbers.

Regions 5 and 6 include Southern Mexico and Central America.
Seismic activity follows along the coast lines of this area in typical arcuate
structure of Pacific activity. Intermediate depth earthquakes occur in the
southern part of this arc and epicenters exhibit little or no lateral separa-
tion from the shallow epicenters. Thus, the plane defined by the hypocenters
is nearly vertical in this region. Figures 12 and 13 show epicenters in
these regions.

Activity in the range M 2 5.0 is less than half that of 1960
for both shallow and intermediate depth. Percentages in 1963 were 2.1 and
3.5 and in 1960, 4.3 and 8. 8 for shallow and intermediate activity (M >5.0)
Thus, in 1963, intermediate activity was about that shown by Gutenberg and
Richter while shallow activity was considerably less. In 1960, shallow
activity was still less than that given by Gutenberg and Richter and inter-
mediate, considerably more.

Region 7 is the Caribbean loop. In 1963, activity in this
region occurred principally in Colombia. Some intermediate shocks were
located in Colombia and in the Windward Islands. About 0.1 percent ol
shallow and 2. 2 percent of shallow and intermediate earthquakes (M : 5.0)
were located in this region. In 1960 the percentages were 1.5 and 0.9,
respectively.

The Andean zone stretches from Colombia to southern Chile
and includes Regions 8 and 9. Figures 14 and 15 show epicenters in
Regions 8 and Figures 16 and 17 show epicenters in Region 9, for 1963,
Deep-focus shocks as well as shallow and intermediate were located in
Region 8 (to 37 degrees south latitude) ; while in 1963, only shallow earth-
quakes occurred. A progressive landward displacement may be observed in
the epicenters except in Argentina, where both intermediate and shallow
epicenters are found in the same areas. The assumption to be made here
is that generally, the plane defined by hypocenters does not dip as sharply
as observed in the Aleutians and Central America.
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In 1960 the activity in Region 9 was the primary featurc of
the seismicity map. However, in 1963 comparatively little activity is
noted in this area. A dramatic comparison can be made in the numbers of
shallow shocks (M ~5.0) recorded in ecach year — 230 in 1960 and only 10 -
in 1963. The Andean zone as a whole in 1963 made up 4. 9 percent of the
shallow activity, 9.7 percent of the intermediate and 2. 8 percent of the deep.
In 1960 the comparable figures were 19.8, 15.0 and 0.0 percent. Shallow
activity exceeded Gutengerg and Richter's mean annual values in both years,
although not greatly so in 1963. Shocks deeper than normal were less com-
pared to Gutenberg and Richter's data in both years.

Region 10 is included in the circum-Pacific as a loop similar
to the Caribbean loop by Gutenberg and Richter (1954), although it would
appear more closely connected with the mid-Atlantic ridge based on 1963
data. Activity is centered in the Sandwich lslands, where three intermediate
shocks were located in 1963. Shallow shocks in the southern Antilles were
2.1 percent of the worldwide totals (M ~ 5.0) andintermediate 1.1 percent.

The eastern and southern Pacific activity (Regions 43 and 44)
was restricted to the oceanic ridges and rises, as discussed in the world-
wide results. Only shallow shocks (M - 5.0) were located in these regions
in 1963 and these were 2.7 percent of such worldwide activity. This
represents an increase over 1960 and about the same as that found by
Gutenberg and Richter.

Region 11 includes the area from the Macquarie lslands to |
New Zcaland. The only intermediate depth activity occurs in New Zealand.
In 1963, more activity was found in the Macquarie Islands area. New
Zealand experienced little seismic activity in 1963. Percentages for the
region were 0.4 and 1.1 for shallow and intermediate depths, respectively.

Regions 12 and 13 include two arcs at about right angles.
The larger and most active trends northward from New Zealand through the
Kermadec and Tonga lslands to the Samoa Islands. The other trends west-
ward from the Samoa Islands through the Fijis to the New Hebrides, Epi-
center plots for these regions are shown in Figures 18 and 19. Intermediate
and deep-focus shocks occur mainly in the north-south arc. Here again, we
we see the feature of lateral separation of shallow, intermediate and deep

focus epicenters. The separation appears intermediate between that in South
America and in the Aleutians and the deeper focus shocks occur away from
the Pacific side of the arc.

Shallow activity is somewhat decreased from the level of 1960
while intermediate and deep-focus activity is increased. Percentages for
1963 are 16.4, 13.5 and 73. 8 for shallow, intermediate and deep-focus activity.




In 1960 similar figures were 16.7, 10.6 and 69.1. Both years' data indicate
considerably higher activity than the data of Gutenberg and Richter (1954),

The New Hebrides to Loyalty Islands arc is included in Region
14. This arc is concave toward the Pacific and trends generally north-south.
Here, shallow activity appears greatest on the west side of the arc, inter-
mediate-focus epicenters lie along about the same portion of the arc and, in
1963, deep-focus shocks were located to the east, or Pacific side of the arc,
reversing the usual situation in Pacific structures. Epicenters in this
region are shown in Figures 20 and 21.

Percentages of worldwide activity (M - 5.0) in Region 14
during 1963 were 3.1, 10.9 and 0.9 for shallow, intermediate and dcep
focus, respectively. This compares with 4.3, 6.6 and 0.0 in 1960. Shallow
and intermediate activity appears less than Gutenberg and Richter's mean
values and deep-focus activity about the same.

From the Solomon Islands through New Guinea (Regions 15
and 16) three separate arcs of activity were observed. All trend more or
less east-west. Shallow activity was greatest in the easternmost arc while
that deeper-than-normal was observed mostly in the center arc, the New
Britain area. This intermediate and deep-focus activity is again located
on the side of the arc away from the Pacific with little lateral separation in
epicenters from shallow through deep-focus earthquakes. Thus in this area, 3
the plane defined by hypocenters is dipping quite sharply. Epicenters in
these regions are shown in Figures 22 and 23.

Percentages of worldwide activity in 1963 (M - 5.0) were
6.5, 13.0 and 2.8 for shallow, intermediate and deep focus, respectively.
In 1960 the percentages were 5.9, 11.5 and 4.9. In comparison to Guten-
berg and Richter's mean annual numbers, shallow activity was less in both
years, intermediate considerably higher and deep about the same.

Region 23 is an area of considerable complexity. It includes
the Celebes, Moluccas and Ceram. Epicenters for the region and some
adjacent areas are shown in Figures 24 and 25. Seismic activity occurred
along a series of intersecting arcs: one stretches from Mindanao through
Halmahera, the Molucca Passage and Ceram, connecting with the New Guinca
activity; an arc along northern Celebes intersects the first arc at Halmahera;
and also the eastern end of the Sunda arc intersects the first arc in the
southeastern Banda Seca. Shallow activity was greatest in the Halmahera-
Molucca Passage area in 1963. Intermediate activity was greatest in the
southern Banda Sea where some deep-focus carthquakes were located.
Considerable intermediate depth shocks were located north of Halmahera,
also.
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Percentages in 1963 (M - 5.0) were 4.4, 11.2and 1.9 for
shallow, intermediate and deep, respectively. In 1960 these percentages
were 5.6, 2.2 and 1.2. Comparing with Gutenberg and Richter's mecan
annual values, it is seen that 1963 and 1960 shallow activity was somcwhat
higher, 1963 intermediate activity considerably nigher and in 1960 about
equal to the average, while deep-focus activity was also higher in both years.

In the Philippines (Region 22) two arcs were observed: one
convex toward the Pacific along eastern Mindanao and Samar; and another
concave along western Luzon, extending up to Formosa. Both shallow and
intermediate activity were concentrated in the southern end of the first arc
and the northern end of the second arc. Some deep-focus shocks were
located in south Mindanao. Figures 26 and 27 show the epicenters in the
Philippines during 1963,

Percentages of worldwide activity (M - 5.0) in 1963 were 2.1,
3.4 and 0.9 for shallow, intermediate and deep, respectively. In 1960 these
percentages were nearly the same, namely 2.4, 3.1 and 1.2. In comparison
to Gutenberg and Richter's values, thesc represent low shallow activity,
normal for intermediate and high activity for deep focus.

Region 21 includes Formosa where the concave arc from
Luzon terminates and a convex (toward the Pacific) arc begins, extending
up the Ryukyus. Activityis centered off the cast coast of Formosa and is
mostly shallow focus. In 1963 about 1.2 percent of the shallow and 0.4
percent of themtermediate shocks (M = 5.0) were located in Region 21,

The Ryukyu arc extends northward along the east coast of
Kyushu and shallow earthquakes generally occur along the east side of the
arc, although a few are located a considerable distance to the west in the
East China Sea. Intermediate depth epicenters are generally to the west
of the shallow, as usual in Pacific structures. Percentages in 1963 were
1.0, 1.1 and 0.9 for shallow, intermediate and deep, respectively, In 1960
these percentages were 0.9, 2.6 and 0.0. These data reflect lower-level
scismicity than that given by Gutenberg and Richter. Figures 28 and 29
show epicenters in the region during 1963.

From southern Honshu southward, an arc concave to the Pacific
extends down to the Marianas and a second arc, convex to the Pacific, con-
tinues down through the Caroline Islands. Regions 17 and 18 include these
arcs. The Mariana Islands constitute the most active part of these regions.
Shocks of all depth classifications occur throughout the arcs. The usual
Pacific feature of lateral separation of the deeper earthquake cpicenters
away from the Pacific may be observed. In 1963 the two regions had 2.1,

3.7 and 5.6 percent of the shallow, intermediate and deep-focus activity
(M > 5.0). In 1960 these percentages were 2.0, 4.0 and 7.4, representing




little difference in the two years' data. Gutenberg and Richter's data indi-
cates somewhat higher shallow and intermediate activity than in 1960 and
1963 but about the same level for deep. Figures 30 and 31 picture ¢picenter
locations in Regions 17 and 18. '

Region 19 includes Japan (except Kyushu), the Kuriles and
KKamchatka. Epicenters in Japan are shown in Figures 32 and 33. The
greater activity is from central Honshu to southern Hokkaido along an arc
convex to the Pacific. Shallow shocks cluster along the eastern side of the
arc and intermediate depth epicenters are located west of the shallow.
Deep shocks are located in the Sea of Japan and castern Manchuria (Region
46) and are usually considered as structurally related to the shallow and
intermediate carthquakes even though they appear isolated from the latter
on epicenter maps.

Another convex arc begins cast of Hokkaido and extends
through the Kuriles and eastern Kamchatka. Epicenters along this arc are
shown in Figures 34 and 35. In 1963 this arc was considerably more active
than Japan. A large earthquake swarm occurred in the Kuriles in 1963
from about 44 to 47 degrecs north latitude and 148 to 155 degrees cast longi-
tude, and was the most seismic area in that year. Other activity in the
region occurred cast of central Kamchatka aiong the Komandorskie Islands
trending toward the Aleutians. The typical Pacific feature of intermediate
and decep shocks located away from the Pacific was also noted here in 1263,

Percentages of worldwide activity in Region 19 {(and 46) as a
whole were 24.8, 9.0 and 3.7 for shallow, intermediate and deep, respect-
ively. In 1960 these percentages were 8.0, 9.7 and 4.9. Compared to
Gutenberg and Richter's data, 1962 activity was quite high for shallow, low
for intermediate and quite low for deep. The 1960 shallow activity was
somewhat low and othe r activity about the same as 1963.

2. Alpide Belt

The Sunda arc in included with the circum-Pacific by Guten-
berg and Richter, although it does not front on the Pacific; probably because
it is a Pacific-type structure., It extends from the Lesser Sunda Islands
through Java and Sumatra to the Nicobar and Andaman Islands. Epicenters
in 1963 show a wide gap between the Andaman Islands and Burma which
was not so great in 1960. For this reason, it appears in this study that it
is just likely to be included in the Alpide belt as the circim-Pacific.

In 1963, southern Sumatra and western Java were the most
active areas in this region (Region 24). Considerable deep-focus activity
was located north of Java while intermediate activity was along the arc and
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south of Java. Percentages of worldwide activity (M ~ 5.0) in 1963 werc 3.4,
9.0 and 4. 7 for shallow, intermediate and deep, respectively. In 1960, thesec
were 2.7, 4.0 and 3. 7. Shallow activity was low both in 1963 and 1960,
intermediate was normal in 1963, low in 1960 and deep was normal for both
years, as compared to Gutenberg and Richter's data.

E‘xcluding the Sunda arc, the Alpide belt begins in northern
Burma and trends aleng the Himalayas to the Hindu Kush. Regions 25 and
26 include these areas. Some intermediate activity occurred in northern
Burma in 1963 although most activity was shallow. The shallow activity
was greatest in northern Burma and the India-Tibet- Kashmir areas. Per-
centages of worldwide activity (M = 5.0) were 0.8 and 0. in 1963 and 1.5
and 2.2 in 1960 for shallow and intermediate, respectively.

Region 48 includes the Hindu Kush and the eastern part of
Central Asian USSR. Figures 36 and 37 show epicenters in the region in
1963. The Hindu Kush occurs at the intersection of the Himalayan and
Baluchistan arcs. Northeast of the Hindu Kush is the Pamir-Baikal block
faulting zone. Shallow epicenters to the north in Figure 36 are associated
with the latter zone and are the principal source of shallow activity in the
USSR within Region 48, which is the most scismic area of mainland USSR
(i.e., excluding Kamchatka and the Kuriles). Percentages of worldwide
activity in 1963 were 0.4 and 3.4 for shallow and intermediate, respect-
ively. In 1960 these percentages were 0.9 and 5.7. Intermediate activity
was low in 1963 and about normal in 1960, compared to Gutenberg and
Richter's data. Shallow activity was about normal in each year.

Region 29 includes Iran and the immediate vicinity, includ-
ing the Kopet-Dag area of the USSR. A gap is shown in the Alpide belt
between the Hindu Kush and eastern Iran-USSR border region. In the latter
area, a small amount of activity is shown in Figure 38 during 1963 while
in 1960 no epicenters for shocks M 4.0 were located here. Principal
activity in Region 29 was along the north shore of the Persian Gulf.
Activity observed east of this in 1960 was not observed in 1963. One inter-
mediate shock of M 2 5.0 was located in the region in 1963. Percentages
of worldwide activity were 1.0 and 0.4 in 1963 and 2.4 and 0.4 in 1960 for
shallow and intermediate, respectively. Compared to Gutenberg and
Richter's data, 1963 activity was low and 1960 normal.

The eastern Mediterranean and Turkey are included in
Region 30. Epicenters in the region are plotted in Figures 39 and 40.
Principal activity, both shallow and intermediate, occurred along the coasts
of Yugoslavia, Albania and Greece as well as in Cyprus. Some intermediate
activity also occurred at the southwest coast of Turkey. Little activity in
this region in 1963 was within the territory of the USSR. Percentages of




worldwide shallow activity (M - 5.0) were 1.0 in 1963 and 2.2 in 1960,
Low for 1963 and normal for 1960 compared to Gutenberg and Richter's data.

The western end of the Alpide belt includes activity in north-
crn Italy and the North African coast. This is included in Region 31. Per-
centages of activity were 0.4 and 0.0 in 1963 and 0.6 and 0.4 in 1960 for
shallow and intermediate, respectively, somewhat high in both years com-
pared to Gutenberg and Richter's data.

3. Oceanic Ridges |

As has been discussed, the mid-Atlantic ridge was well
defined by seismic activity in 1963 and fairly well distributed throughout
its length. In 1963 the percentage of shallow activity was 3.0 and in 1960
was 2.2. Both years represent low activity compared to Gutenberg and
Richter's data.

Indian Ocean ridges and rises were also rather well defined
by shallow seismic activity in 1963. Distribution of the shocks was covered
in the worldwide discussion. In 1963 the percent of wortdwide activity was
1.6 and in 1960 it was 1.2, Compared to Gutenberg and Richter's data,
both years represent low activity for the region.

The Arctic belt (Region 40) was well defined from Iceland
to about 80 degrees north latitude. Little activity was observed from that
point into Siberia. In 1963, about 1.1 percent of shallow activity occurred
in this belt and only 0.4 percent in 1960. The 1960 level is about normal in
comparison with the Gutenberg and Richter data.

4. Non-Alpide Asia

The Pamir-Baikal zone was active up to about the Mongolia-
China border in 1963 and some activity was located around Lake Baikal and
northern Mongolia. Some activity was also located along the mountain
ranges in western China. Percentages of worldwide shallow activity were
1.2 and 0.7 in 1963 and 1960, respectively. Both years appear to have been
low compared to the Gutenberg and Richter data.

5. Others

The remainder of the active seismic areas of the world are
located in or near stable areas and shocks are generally small. These
areas include North America, except the west coast, western South America,
central Europe, the bulk of the USSR, Africa, the Arabian Peninsula and
Australia.
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Figure 10. Earthquake Epicenters in Alaska and the Aleutian Islands
48 During 1963 (h < 70 km)
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Figure 18. Earthquake Epicenters in the Fiji to Kermadec Islands
During 1963 (h - 70 km)
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Figure 19. Earthquake Epicenters in the Fiji to Kermadec Islands

During 1963 (h > 70 km)

57




10

25°
O 40<M<50 h<70KM
() 50<M<6.0 h<70KM
(O m2e0 h < 7OKM
160 165 170 175

Figure 20. Earthquake Epicenters in the New Hebrides and Lovyalty
58 Islands During 1963 (h - 70 km)
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